Escherichia coli heat-stable enterotoxin Ip (STIp) is an extracellular toxin consisting of 18 amino acid residues that is synthesized as a precursor of pre (amino acid residues 1 to 19), pro (amino acid residues 20 to 54), and mature (amino acid residues 55 to 72) regions. The precursor synthesized in the cytoplasm is translocated across the inner membrane by the general export pathway consisting of Sec proteins. The pre region functions as a leader peptide and is cleaved during translocation. However, it remains unknown how the resulting peptide (pro-mature peptide) translocates across the outer membrane. In this study, we investigated the structure of the STIp that passes through the outer membrane to determine how it translocates through the outer membrane. The results showed that the pro region is cleaved in the periplasmic space. The generated peptide becomes the mature form of STIp, which happens to have disulfide bonds, which then passes through the outer membrane. We also showed that STIp with a carboxy-terminal peptide consisting of 3 amino acid residues passes through the outer membrane, whereas STIp with a peptide composed of 37 residues does not. Amino acid analysis of mutant STIp purified from culture supernatant revealed that the peptide composed of 37 amino acid residues was cleaved into fragments of 5 amino acid residues. In addition, analyses of STIps with a mutation at the cysteine residue and the dsbA mutant strain revealed that the formation of an intramolecular disulfide bond within STIp is not absolutely required for the mature region of STIp to pass through the outer membrane.
with HincII and the fragments were ligated with T4 DNA ligase in the presence of an HpaI linker (5Ј-GTTAAC-3Ј; Takara Shuzo Co., Kyoto, Japan). E. coli HB101 was transformed with the resulting circular DNA. Transformants expressing ␤-lactamase and STI activities but not that of nuclease were selected. Plasmids were isolated from candidate cells, and the gene fragment encoding the fusion protein was sequenced from a double-stranded template with the Taq Dye Deoxy Terminator cycle sequencing kit (Applied Biosystems, Foster City, Calif.).
Construction of the plasmid for pulse-labeling experiments. To selectively express the STIp structural gene, it was cloned into pET11, which contains a T7 promoter under control of the lac operator (26) . A DNA fragment containing the STIp gene was amplified from the Tc-1 plasmid by PCR. The sequences of the primers were (i) 5Ј GGGAGGTCATATGAAAAAGC 3Ј (sense) and (ii) 5Ј CCCTGGATCCTTTTTAATAAC 3Ј (antisense). Primers i and ii extended from bases 276 to 295 and from bases 497 to 517 of the STIp gene reported by So and McCarthy (24) , respectively. Primer i contained two mismatches at positions 283 and 285 (C and T indicated by underlining) to create an NdeI site. The initiation codon (ATG) is located one base after the NdeI cleavage site. This allowed the structural STIp gene to be cloned into the NdeI site of pET11 downstream from the T7 promoter. Primer ii contained mismatches at positions 501, 502, and 505 (these bases are indicated by underlining), which created a BamHI site. The PCR product was ligated into pT7-Blue(R) (Takara Shuzo), which is the cloning vector for the PCR-amplified DNA fragment (Table 1 ). An NdeI-BamHI fragment from the recombinant plasmid carrying the STIp gene was isolated and inserted into pET11 digested with NdeI and BamHI. The correct insertion of the STIp structural gene was confirmed by sequencing the nucleotides of the flanking DNA of the cloned gene. The resulting plasmid was named pET11-Tc-1 (Table  1) . Likewise, the structural genes for mutant STIps encoded in plasmids pKK101, pKK102, pKK103, pKK104, and pKK600 were cloned into pET11. These plasmids were named pET11-101, pET11-102, pET11-103, pET11-104, and pET11-600, respectively ( Table 1) .
The insertion of the STIp derivative gene of pKK609 into pET11, which produces the STIp derivative with 37 additional amino acid residues at the carboxyl terminus of STIp, was performed as follows. The STIp derivative gene of pKK609 was amplified by PCR. Primer i was the sense primer, and the oligonucleotide (5Ј TGTGACTGCGATGCTGTCGA 3Ј) which covers the region around 30 bp after the termination codon of the STIp derivative gene of pKK609 was the antisense primer. The 200-bp product was cloned into the pT7-Blue(R) vector. The resulting plasmid was digested with NdeI and AvaI (the AvaI site derived from the vector plasmid), and the resulting 215-bp fragment was purified. The NdeI-AvaI fragment was fused to the NdeI site of pET11. The generated linear DNA fragment was circularized with Klenow fragment and DNA ligase.
Pulse-labeling. BL21 cells transformed with pET11 derivative plasmids were shaken at 37°C until they reached an optical density at 660 nm of 0.4 in L broth (1% tryptone, 0.5% yeast extract, 0.5% NaCl) (13) containing ampicillin (50 g/ml). The culture was centrifuged, and the cell pellet was suspended in M9 minimal medium (13) containing an amino acid mixture (final concentration of each amino acid, 50 g/ml) without cysteine at an optical density at 660 nm of 3.0. After a final concentration of 2 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) was added, the suspension was shaken at 37°C for 20 min. A portion (1 ml) was labeled for the indicated time at 37°C with 10 Ci of L-[
35 S]cysteine (0.5 to 1 kCi/mmol, ARS-101; American Radiolabeled Chemicals, Inc., St. Louis, Mo.) per ml. Incorporation of the label was terminated by adding 250 g of unlabeled cysteine. The incubation continued for the indicated chase times. Thereafter, a portion of the culture (50 l) was taken out and subjected to centrifugation. The pellet and supernatant were used as cells and culture supernatant, respectively. The periplasmic fraction of the cells was prepared from the remaining culture solution (950 l) as described below. Thus, prepared samples were mixed with sodium dodecyl sulfate (SDS) (10) , heated at 100°C for 10 min, and resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (10) .
The radioactive bands were visualized by autoradiography with an imaging plate analyzer (BAS 2000; Fujix, Tokyo, Japan).
Preparation of the periplasmic fraction. The cells cultured in liquid medium were collected by centrifugation at 12,000 ϫ g for 10 min, and the cell pellet was suspended in 10 mM Tris-HCl buffer (pH 7.5). To prepare the periplasmic fraction, the cell suspension was incubated with polymyxin B at a concentration of 6,500 U/ml at 4°C for 15 min and centrifuged (12,000 ϫ g for 15 min). The supernatant obtained was used as the periplasmic fraction.
Assay of STI activity. STI activity was determined by means of the suckling mouse assay as described previously (18) . Briefly, 0.1-ml samples were administered via a gastric tube into the stomachs of 2-to 3-day-old suckling mice, with 0.01% Evans blue dye used as a marker. The mice were killed 3.0 h later, and a ratio of intestinal to body weight of over 0.083 was considered positive. One unit was defined as the minimum effective dose that elicited a positive response, and the enterotoxin titer of sample was expressed as the reciprocal of the highest dilution that gave 1 U of enterotoxin activity per 0.1 ml. The enterotoxic activity of each sample was determined in five mice.
Purification of mutant STIp. E. coli HB101 harboring the appropriate plasmid was shaken in Luria broth containing ampicillin (50 g/ml) at 37°C overnight. The culture was centrifuged to separate the culture supernatant and cell pellet. The STIps in the culture supernatant were purified as described before (32) . Briefly, ammonium sulfate was added to the supernatant (90% saturation), and the precipitate was recovered by centrifugation and dissolved in distilled water. The ammonium sulfate remaining in the samples was removed with a desalting This study apparatus (Micro Acilizer S1; Asahi Chemical Industries Co., Tokyo, Japan). The samples were further applied to successive chromatography on columns containing DEAE-Sephadex A-25 and Sephadex G-75 (Pharmacia Biotech, Uppsala, Sweden), followed by reversed-phase high-performance liquid chromatography with an ODP-50 column (Asahi Chemical Industries). Protein sequence determination. Amino acid sequence was determined with a protein sequencer (model 473A; Applied Biosystems) connected to a phenylthiohydantoin analyzer. The apparatus was operated as described in the manufacturer's instructions.
SDS-PAGE. SDS-PAGE was performed as described by Laemmli (10) . Unless otherwise stated, a solution containing SDS (2%), 2-mercaptoethanol (2-ME; 2 M), glycerol (10%), bromophenol blue (0.02%), and phosphate (20 mM, pH 7.0) was used as the SDS dye solution. In some experiments, 2-ME was omitted from the SDS dye solution.
RESULTS

Cleavage of intermediate STIp in the periplasm.
STIp is synthesized as a precursor composed of pre, pro, and mature regions. The pre region (19 amino acid residues) functions as a signal peptide in translocation across the inner membrane, and it is cleaved during or after the translocation. The generated peptide consisting of pro and mature regions (53 amino acid residues) emerges in the periplasmic space. Mature STIp in the culture supernatant consists of the mature region of 18 amino acid residues (27) , meaning that the pro region of STIp is proteolytically cleaved during maturation. However, the step in which the pro region is cleaved has not been shown.
We determined the step at which cleavage occurs by means of a pulse-chase experiment. E. coli BL21 cells harboring pET11-Tc-1 encoding the native STIp gene were pulse-labeled with [ 35 S]cysteine for 3 min, and then unlabeled cysteine was added to stop the reaction. The incubation continued for the chase times indicated in Fig. 1 . BL21 cells harboring pET11 (vector plasmid), which does not encode the STIp gene, was used as a negative control. The intracellular fraction and the culture supernatant fraction of these cultures were prepared and resolved by SDS-PAGE. The results are shown in Fig. 1 .
Dense bands appeared in Fig. 1 , lanes 2 to 6 (arrows), which had been loaded with samples prepared from cells harboring pET11-Tc-1. Since the dense band was absent in lanes 1 of Fig.  1 , which contained samples prepared from negative control cells, the dense bands in lanes 2 to 6 were regarded as products of the STIp gene. Figure 1B shows that the culture supernatant contained a labeled band (arrow d) that emerged after a 3-min chase (Fig.  1B, lane 2) . The size of the band did not change after an incubation period of up to 8 h (a longer incubation was not performed). As described in detail below, the band was enterotoxic. Therefore, it is considered that the band indicated by arrow d is mature STIp consisting of 18 amino acid residues. The fact that other bands did not appear in every sample shows that other types of STIp, such as pro-mature STIp (composed of 53 amino acid residues), were not released into the culture supernatant. This indicates that the pro region of STIp is proteolytically cleaved in the periplasm before the peptide is released into the culture supernatant.
Analysis of the intracellular materials supports this notion. Three bands appeared in the sample prepared from the intracellular materials as shown by arrows a, b, and c in Fig. 1A . The migration position of the smallest band (band c) was the same as that of band d, which is mature STIp (18 amino acid residues). Therefore, band c might also consist of 18 amino acid residues. The density of band c decreased with the chase period. Following this decrease, the density of extracellular mature STIp (Fig. 1B, arrow d) increased. This means that the STIp intermediate that emerged in the periplasmic space is proteolytically cleaved there and that the generated peptide consisting of 18 amino acids gradually translocates across the outer membrane into the culture supernatant.
Secretion of STIp with the extended amino acids at the carboxy terminus. To clarify the structural characteristics of STIp that allow it to move across the outer membrane, we examined two mutant STIps with extra amino acid residues at the carboxy terminus. The mutant STIp-C3 possesses 3 additional amino acid residues (-S-K-A) at the carboxy terminus. The gene for STIp-C3 is encoded in plasmid pKK600 ( Table  1 ). The mutant STIp-C37 gene is encoded in plasmid pKK609, which was prepared as described in Materials and Methods and sequenced (Fig. 2) . The underlined 37-amino-acid sequence shown in Fig. 2 was added to the carboxyl terminus of STIp by gene manipulation.
The extracellular secretion of these mutant STIps was examined by a pulse-chase experiment. The mutant STIp genes carried in plasmid pKK600 and pKK609 were cloned into pET11 as described in Materials and Methods to yield pET11-600 and pET11-609, respectively (Table 1) , which were introduced into BL21 cells. The transformed cells were pulse-labeled with [ reflected in the migration of these intermediates. In SDS-PAGE, the migration rate of the molecule is strongly influenced by the amount of SDS adhering to the molecule. As described in detail below (see Fig. 6 ), mature STIp retains biological activity after SDS treatment. This indicates that the amount of SDS adhering is low. Furthermore, it is also likely that the created amino acid residues at the carboxyl terminus of STIp influence the adherence of SDS to the molecule. For these reasons, the intermediates of STIps may move to unexpected positions in SDS-PAGE.
Although the intermediate of every STIp was detected in the periplasm (Fig. 3A, lanes 2 to 4) , the amounts of STIp appearing in the culture supernatant differed among the samples (Fig.  3A, lanes 6 to 8) . Dense bands appeared in lanes 6 (BL21/ pET11-Tc-1) and 7 (BL21/pET11-600). The products from pET11-Tc-1 and pET11-600 are native STIp and STIp-C3, respectively. The density of the band in lane 7 was not significantly different from that in lane 6. This shows that STIp-C3 crossed the outer membrane almost as well as STIp did. In contrast, the density of the band in lane 8 was very faint (the sample of cells producing STIp-C37). STIp-C37 cannot, therefore, translocate across the outer membrane very well.
The enterotoxic activity of the periplasmic fraction and the extracellular fraction of these cultures was determined by means of a suckling mouse assay. In no strain did the periplasmic fraction show enterotoxic activity (data not shown). The enterotoxic activity of the extracellular fraction (culture supernatant) is shown in Fig. 3B . The level of the enterotoxic activity of the sample from the cells producing STIp-C3 (cells harboring pET11-600) was similar to that of the sample from cells producing native STIp (harboring pET11-Tc-1). In contrast, the level of enterotoxic activity of the sample from cells producing STIp-C37 (cells harboring pET11-609) was low. This shows that the intermediate of STIp-C37 is not efficiently converted into a bioactive form in the periplasm, whereas STIp-C3 is.
The amount of STIp-C37 released into the culture supernatant was low, although the level of that in the periplasm was fairly high. This suggests that the structure of STIp-C37 released into the periplasm is not suitable for translocation across the outer membrane. Thus, most of the STIp-C37 in the periplasm is degraded by proteases. However, some STIp-C37 is cleaved to form a suitable structure for translocation across the outer membrane. It is likely that the STIp-C37 that forms this structure emerges in the culture supernatant. To define the optimal structure, we purified the STIp released into the exterior of HB101 cells harboring pKK609 carrying the STIp-C37 gene. The purified STIp was analyzed by sequential Edman degradation. The amino acid sequence was Asn-Thr-Phe-TyrCys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-Ala-Cys-Ala-Gly-Cys-TyrSer-Asp-Pro-Thr-Val, showing that the STIp-C37 was proteolytically processed between amino acid residues 77 and 78 of the sequence shown in Fig. 2 . This means that the region covering amino acid residues 78 to 109 of STIp-C37 (Fig. 2) was spliced from the core peptide of STIp-C37.
Translocation of STIp without disulfide bonds across the outer membrane. The results described above show that the STIp intermediate released into the periplasm is proteolytically processed to a peptide consisting of the mature region. We demonstrated that the intramolecular disulfide bond of STIp is formed in the periplasm by DsbA (32) . Therefore, we assumed that the intermediate of STIp converts to mature STIp with disulfide bonds in the periplasm, which then crosses the outer membrane. However, the mechanism for this remains unclear. Information about the translocation of STIp derivatives across the outer membrane would clarify this issue. We therefore examined the translocation across the outer membrane of a mutant STIp with a dissociated intramolecular disulfide bond.
(i) Secretion of STIp with a cysteine residue mutation into the milieu. We examined the secretion of STIp with a Cys residue mutation into the culture supernatant. There are six cysteine residues in the mature STI region which form three intramolecular disulfide bonds. These residues are located at positions 59, 60, 63, 64, 68, and 71 (Fig. 2) , and three disulfide linkages are formed between positions 59 and 64, 60 and 68, and 63 and 71 (6) . We mutated these cysteine residues and obtained plasmids pKK101, pKK102, pKK103, and pKK104 ( C3S), respectively. The mutant STIp genes of these plasmids were cloned into pET11 as described in Materials and Methods and named pET11-101, pET11-102, pET11-103, and pET11-104, respectively (Table 1) .
These derivatives were introduced into BL21 cells, which were then pulse-labeled with [ 35 S]cysteine for 1 min and chased for 1 min. The culture supernatant was resolved by SDS-PAGE. The results are shown in Fig. 4 . The figure shows a dense band in lane 2 containing a sample from the parent strain (BL21/pET11-Tc-1). This band is a peptide composed of 18 amino acid residues which constitute the mature STIp region. This band appeared in every sample examined (Fig. 4 , lanes 3 to 6), meaning that every mutant STIp examined was released into the culture supernatant. Since one of six cysteine residues of the mature region was replaced in each mutant STIp, at least one of the three disulfide bonds was dissociated in these mutant STIps. This demonstrates that the STIp can translocate across the outer membrane without any of the three intramolecular disulfide bonds.
FIG. 2. Nucleotides and deduced amino acid sequence of the mutant STIp
with an extended peptide of 37 amino acid residues at the carboxy terminus. Plasmid pKK608, which was prepared by inserting the nuclease A gene into the 3Ј end of the structural gene of STIp, was used to prepare pKK609 carrying a mutant STIp with an extra 37 amino acid residues. Plasmid pKK609 was constructed from pKK608 by inserting the HpaI linker to generate a stop codon at position 110. The sequences indicated by the dotted and solid lines are the mature region of STIp and its carboxy terminus extended by 37 amino acid residues, respectively.
(ii) Secretion of STIp from the dsbA-deficient strain. As described above, the intramolecular disulfide bond of STIp is formed through the action of DsbA in the periplasm. To clarify the role of the disulfide bond in the secretion of STIp across the outer membrane, we examined the behavior of STIp produced by a dsbA-deficient strain by means of a pulse-chase experiment. A dsbA-deficient strain of BL21 (BL21-1) was prepared as described in Materials and Methods. We then pulse-labeled BL21-1 cells transformed with pET11-Tc-1 with [ 35 S]cysteine for 3 min and chased them for 3 min. BL21-1 cells transformed with pET11 were used as the STIp-nonproducing strain. The culture supernatants of these strains were mixed with an equal volume of SDS dye solution. After heating at 100°C for 10 min, the samples were resolved by SDS-PAGE. The results are shown in Fig. 5. A band (Fig. 5, arrow I ) appeared in the sample prepared from BL21-1/pET11-Tc-1 (lane 3) but not in that from BL21-1/pET11, which does not produce STIp (lane 1). The band that migrated at the position indicated by arrow I was also present in the sample from the dsbA-positive strain transformed with pET11-Tc-1 (BL21/ pET11-Tc-1) (Fig. 5, lane 2) . The band produced by BL21/ pET11-Tc-1 is mature STIp consisting of 18 amino acid residues (Fig. 1B) . This indicated that the dsbA-deficient cell possessing the STIp gene releases a peptide of 18 amino acid residues which are the constituents of mature STIp.
To determine whether the intramolecular disulfide bond of STIp released into culture supernatant from the dsbA-deficient strain was formed, we examined the effect of 2-ME on the mobility of STIp on SDS-PAGE. Each sample was mixed with SDS dye solution without 2-ME, heated, and then separated by SDS-PAGE. The culture supernatant of BL21/pET11-Tc-1 (dsbA-positive strain producing STIp) was separated (Fig. 5,   lane 5) . A main band (Fig. 5, arrow II) and a concomitant small band appeared.
To determine whether these bands are bioactive STIp, the culture supernatant of BL21/pET11-Tc-1 mixed with SDS dye FIG. 3 . Effect of the extended peptide at the carboxy terminus of STIp on the translocation across the membranes (A) and on the enterotoxic activity of the culture supernatant (B). Plasmid pKK609 carried STIp-C37 (the STIp with the extended peptide at the C terminus composed of 37 amino acid residues) and pKK600 carried STIp-C3 (the STIp with a C-terminal extension of 3 amino acid residues). These STIp genes were cloned into pET11 for selective expression. E. coli BL21 cells harboring the appropriate plasmid (Table 1) The cysteine residue of STIp was substituted by oligonucleotide-directed site-specific mutagenesis, and the fragment encoding these mutant STIp genes was cloned into pET11 as described in the text. E. coli BL21 cells harboring the appropriate plasmid (Table 1) were labeled for 1 min with [
35 S]cysteine and then chased for 1 min as described in the legend to Fig. 1 . The culture supernatant fraction was resolved by SDS-PAGE. The radioactive bands were detected by image analysis. solution without 2-ME was applied to two lanes of the SDSpolyacrylamide gel. After electrophoresis, one lane was excised from the gel and cut into 21 slices. Each piece was extracted with 0.5 ml of distilled water, and the STI activity in the extracts was determined by the suckling mouse assay. The other lane was visualized by autoradiography. The gel and the STI activity of each extract are shown in Fig. 6 . STI activity was found in the extract at the position corresponding to that of the main band. This shows that the main band indicated by arrow II in Fig. 5 is bioactive mature STIp with intramolecular disulfide bonds.
In contrast, the electrophoretic profile of the sample from the dsbA-deficient strain harboring pET11-Tc-1 (Fig. 5, lane 8 ) differed from that of the wild type (Fig. 5, lane 5) . There was no band in lane 8 at the position indicated by arrow II, showing that mature STIp with intramolecular disulfide bonds was not produced by the dsbA-deficient strain. Since the 18-amino-acid peptide (the constituent amino acid residues of mature STIp) is released into the culture supernatant of the dsbA-negative strain (lane 3), we treated the culture supernatant of the strain with oxidized glutathione (GSSG; 10 mM, 37°C, 20 min) and separated it in lane 9. The band emerged at the position indicated by arrow II, showing that mature STIp with a formed disulfide bond was generated. Likewise, we treated the culture supernatant of the mutant strain (BL21-1/pET11-Tc-1) with the cell extract of HB101 harboring pDS01, which contained DsbA (32) . This procedure also generated mature STIp, as shown in lane 10. These results show that the peptide released into the culture supernatant of the dsbA-deficient strain harboring pET11-Tc-1 is STIp with an unformed disulfide bond and that GSSG and cell extract containing DsbA formed a disulfide bond in STIp.
DISCUSSION
In this study, we examined the structure of the STIp that translocates across the outer membrane. Figure 1 shows that the intermediate of STIp in the periplasm is proteolytically cleaved in the space to form the mature peptide. We found that the intramolecular disulfide bond of STIp is formed in the periplasm with the help of DsbA (32) . We concluded from these findings that the intermediate of STIp becomes the correctly folded mature form consisting of 18 amino acid residues in the periplasm and that the generated mature STIp passes through the outer membrane.
Our observation is in conflict with the report published by Yang et al. (34) thermore, they incubated the cells at 42°C in the presence of rifampin just before starting the pulse-chase experiment. This temperature might have affected the function of the outer membrane protein of the cell.
Subsequently, we examined the structure of the STIp that translocates across the outer membrane. Since the intramolecular disulfide bond is an important factor in forming the threedimensional structure of a peptide, we examined whether the formation of all three disulfide bonds is absolutely required for the STI to pass through the outer membrane. As shown in Fig.  4 , we examined the translocation of a mutant STIp lacking at least one of the three disulfide bonds. The results showed that this mutant STIp passed through the outer membrane. Furthermore, we examined the translocation of STIp in dsbAdeficient mutant cells. As shown in Fig. 5, lanes 3 and 8 to 10 , STI lacking disulfide bonds was released outside of the dsbAdeficient cells. The size of the STI released to the exterior corresponded to that of the mature STIp. No other STIps were found in the culture supernatant. These results indicate that proteolytic cleavage of the intermediate of STIp in the periplasm that generates the mature STIp region is required for the translocation of STIp across the outer membrane, although all three of the intramolecular disulfide bonds of the peptide are not absolutely required.
As described, STIp with unformed disulfide bonds translocates across the outer membrane. However, the amount of STIp released into the milieu by the dsbA-deficient strain seemed to be lower than that by the dsbA-positive strain (Fig.  5, lanes 2 and 3) . This suggests that the capacity of STIp to emerge outside is low in the dsbA-deficient strain, meaning that DsbA contributes to increasing the efficiency. Without the help of DsbA, the mature STIp region in the periplasm may aggregate due to incorrect disulfide bond formation and/or may be digested into pieces. At present, the role of DsbA in the secretion of STI across the outer membrane remains unclear. Further studies on the rate of the secretion of STI and analysis of the intracellular proteins may clarify the role of DsbA in STIp secretion.
As described above, the mature STIp region is located in the carboxy-terminal region of the precursor of STIp. The fact that peptides other than that consisting of mature STIp were not released to the exterior of the cell indicates that mature STIp with extra residues at the amino terminus does not pass through the outer membrane. However, the translocation of mature STIp with extra peptides at the carboxyl terminus was not examined. We prepared two plasmids carrying mutant STIps with the extra peptides at the carboxyl terminus. As shown in Fig. 3A , the mutant STIp with three extra amino acid residues (STIp-C3) translocated across the outer membrane (lane 7), whereas the ability of the mutant STIp with the extended peptide consisting of 37 amino acid residues (STIp-C37) to translocate across the outer membrane was very low (lane 8). Sequence analysis of the peptide released to the exterior of the cells harboring pKK609 (plasmid harboring the gene of STIp-C37) revealed that the peptide composed of 37 amino acid residues at the carboxy terminus of the STIp was cut to 5-amino-acid fragments. It appeared that the peptide composed of 37 amino acid residues was cleaved and that the STIp with extended peptides of 5 amino acids translocated across the outer membrane. This indicated that the length of the peptide extended at the carboxy terminus of STIp influences the ability of STIp to translocate across the outer membrane. When the peptide is composed of fewer than 5 amino acid residues, the high efficiency of the STIp in translocating across the outer membrane seems to be retained.
The molecular structure of the STIp that translocates across the outer membrane was clarified by these experiments. However, the mechanism remains unclear. Several specialized systems have evolved for the extracellular secretion proteins, and they have been tentatively classified by whether they involve the general export pathway consisting of Sec proteins. Almost all secreted proteins utilize the general export pathway to cross the inner membrane. However, transport across the outer membrane of these proteins is highly specific and involves, for each secreted polypeptide or group of polypeptides produced by the same bacterium, a secretion machinery composed of 13 or 14 specific proteins; this has been named the general secretory pathway (20) . The fatty-acylated enzyme pullulanase (PulA) of Klebsiella oxytoca (21) , the soluble, non-fatty-acylated enterotoxin of Vibrio cholerae (7), endoglucanase and pectate lysates of Erwinia chrysanthemi (5, 12) , and aerolysin of Aeromonas hydrophila (9, 30) are all examples of extracellular proteins secreted by this pathway. Secretion by this means always occurs via a short-lived periplasmic intermediate that adopts a complex tertiary and even a quaternary structure, often including intramolecular disulfide bonds. This implies that the sorting signal necessary for transport across the outer membrane is formed upon folding of the secretion intermediate, but attempts to locate the signal have to date yielded only fragmentary results. In contrast to these extracellular proteins, some of those from gram-negative bacteria such as hemolysin from E. coli (3, 8) , metalloprotease from Erwinia chrysanthemi (11) , and cyclolysin from Bordetella pertussis (4) are secreted extracellularly via a general export pathway-independent secretion pathway. These proteins are secreted by a specific device composed of products of the E. coli hlyBD and tolC genes (3, 8, 29 ) (hemolysin of E. coli), the prtDEF EC genes (11) (metalloproteases of Erwinia chrysanthemi), and the cyaBDE genes (cyclolysin of B. pertussis) (4).
As described above, almost all extracellular proteins of gram-negative bacteria reported to date require additional gene products to translocate across the outer membrane. However, the translocation of STIp across the outer membrane apparently does not require additional gene products (22, 32) . The fact that the periplasmic proteins of the cells producing STIp are not released into the milieu shows that STIp nonspecifically alters the permeabilization of the outer membrane. This means that STIp is delivered to the culture supernatant by a mechanism different from those noted above. Further studies are necessary to clarify the whole mechanism of the transport system in STIp secretion.
